Abstract We have applied high-resolution Fabry-Perot spectroscopy to the study of the lunar sodium exosphere for the study of exospheric effective temperature and velocity variations. Observing from the National Solar Observatory McMath-Pierce Telescope, we used a dual-etalon Fabry-Perot spectrometer with a resolving power of 180,000 to measure line widths and Doppler shifts of the sodium D2 (5889.95 Å) emission line. Our field of view was 360 km, and measurements were made in equatorial and polar regions from 500 km to 3500 km off the limb. Data were obtained from full moon to 3 days following full moon (waning phase) in March 2009. Measured Doppler line widths within 1100 km of the sunlit east and south lunar limbs for observations between 5 and 40
Introduction
In March 2009 we conducted a successful engineering run at the McMath-Pierce (MMP) Solar Telescope using the University of Wisconsin (UW) and Goddard Space Flight Center (GSFC) Fabry-Perot Spectrometer. The goal of this run was to demonstrate the feasibility of high spectral resolution observations of sodium (Na) atoms in the lunar exosphere. Although intensities of the lunar sodium emission within a few lunar radii from the center of the Moon have been measured with good accuracy by broadband imagers [e.g., Flynn and Mendillo, 1993] and slit spectroscopy [e.g., Morgan, 1988a, 1988b; Tyler et al., 1988] , the velocity and temperature distribution of sodium atoms has mainly been inferred from models of observed intensity distributions [e.g., Sprague et al., 2012 Sprague et al., , 1992 Kagitani et al., 2010; Potter et al., 2000 ]. An exception is a direct lunar sodium temperature measurement reported by Stern et al. [2000] in an abstract to the 31st Lunar and Planetary Science Conference. Based on three high-resolution spectra (R ∼ 960,000) obtained on 12 September 1997, 12-24 arc sec (∼20-40 km) off the east equatorial limb, Stern et al. [2000] derived a temperature between 1000 and 2000 K.
In this paper we report on our successful application of high-resolution Fabry-Perot spectroscopy to the study of the lunar sodium exosphere, firmly establishing a new technique for a thorough study of lunar exospheric temperature and velocity variations.
Instrumentation
Observations of lunar exospheric sodium line profiles requires an instrument with high signal-to-noise capability at high spectral resolution and a well-known instrumental profile in order to decompose observed profiles for hyperfine structure (roughly comparable to a 1 km/s line width), thermal widths of order 1-2 km/s, nonthermal features that may be 1-3 km/s, and nearby terrestrial sodium airglow emission. These challenges are well met by Fabry-Perot (FP) spectrometers.
The GSFC/UW FP spectrometer was originally designed for use at the North Port of the MMP to observe comet Hale-Bopp (C/1995 O1) [Oliversen et al., 2002] . The FP was modified by replacing one etalon with larger spacers to increase the resolving power, and the coupling optics were replaced to match the desired etendue.
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©2014. American Geophysical Union. All Rights Reserved. The 50 mm dual-etalon FP operates in the annular summing mode [Coakley et al., 1996] , employing a LN2 cooled CCD camera with a 512 × 512 array of 24 μm pixels. A double-etalon FP, in which two etalons are combined in series, enables high spectral purity and contrast by extending the free spectral range Q (i.e., the spectral distance between adjacent orders of transmission) and suppressing the broad Lorentzian wings of a single etalon transmission (i.e., Airy) function [Roesler, 1974] . The second etalon also sharpens the common transmission peak of the two-etalon system [Daehler and Roesler, 1968] . The etalons are made of fused silica with highly reflective (91 ± 1% near Balmer ) broadband (∼4800-9500 Å) multilayer dielectric coatings on their inward facing surfaces. Once centered on Grimaldi, the telescope is moved in right ascension to the limb followed by a sequence of observational steps in right ascension away from the limb. As indicated in the schematic, when moving the telescope east from Grimaldi, we are sampling the exosphere above the west limb of the Moon in selenographic coordinates. Also note that the tilt of the Moon with respect to our cardinal point observing strategy introduces a drift in lunar latitude as we scan out from the lunar limb. Latitude and altitude calculations for each observation are given in Table 1 . The modified FP was designed with a variable field of view (FOV), ranging from 0.5 arc min to 3 arc min, or roughly 60 km to 360 km at the Earth-Moon distance.
The observations presented here were all obtained with a 3 arc min FOV, corresponding to ∼360 km at the EarthMoon distance.
Observations and Reduction
Observations were conducted on four successive nights (11) (12) (13) (14) in March 2009, with most of the data taken on the nights of 13 and 14 March. Our four-night run covered a lunar phase angle of ∼ 5 to 40 • ; observations on 11 and 12 March were taken with the Moon inside the Earth's magnetotail. We easily achieved a Na D2 signal-to-noise ratio of ∼100 in 300 s at 3.5 arc min off the limb of the . Sample Na spectra 3.5 arc min off the east limb (gray) and centered on the Moon (red); a sky background scan 10 • north of the Moon (blue) is also included for comparison. Fits to the lunar data (solid lines) include three terrestrial H 2 O lines at 5889.637, 5890.090, and 5890.227 Å (indicated by vertical dashed lines in the figure), two components for the Na emission (5889.9386 and 5889.9584 Å S-resolved hyperfine fine structure components in a 3:5 ratio), and a solar Na Fraunhofer feature at 5889.9509 Å. Note that Na emission is detected against the sunlit lunar surface (red). Integration times were 300 s for the east limb and sky background spectra; the Moon-centered spectrum was obtained in 60 s. The abscissa is in spectral bin number where 1 bin = 0.2144 km/s; red wavelengths are to the left. At a wavelength of 5890 Å the 180 bins pictured above correspond to a spectral interval of 0.76 Å (0.00421 Å per bin). A representative instrumental profile, located near spectral bin 160, is included for comparison (full width at half maximum (FWHM) ∼1.7 km/s). Moon with our 3 arc min FOV. Sodium emission was measured in three cardinal directions (south, east, and west) out to two lunar radii above the lunar limb.
Our observing strategy was to center on one of four identifiable craters: Grimaldi, Tycho, Langrenus, and Taruntius; refer to Figure 1 . Once centered, we moved the telescope in right ascension or declination to the limb and then moved the telescope in observational steps (right ascension or declination) away from the limb; refer to Figure 2 . All observations were collected with the telescope tracking at the lunar rate; tracking errors relative to the Moon were on the order of 15 arc sec over a 5 min integration. The telescope was recentered on the relevant crater before each step. Examples of the data obtained off the eastern (subsolar) limb in steps of right ascension are given in Figure 3 . Individual lunar spectra were reduced with a six-component Gaussian model convolved with a measured instrumental function. The model was fit to the spectrum using the least squares fitting code of R. C. Woodward (A parameter estimation technique for spectral analysis of overlapping lines, private communication, 2014). The instrumental function and wavelength calibration were determined using a Thorium I line at 5891.451 Å. Two emission components were used to fit the lunar sodium emission accounting for Na D2 S-resolved hyperfine structure with components at 5889.9386 and 5889.9584 Å in a 3:5 emission ratio [McNutt and Mack, 1963] . A single component was used to fit the broad solar Fraunhofer D2 absorption. Three additional components were used to fit terrestrial H 2 O absorption lines at 5889.637, 5890.090, and 5890.227 Å. Refer to Figure 4 . Note that the Fraunhofer line does not go to 5% of the continuum due to parasitic light contamination from a continuum source. A much smaller contribution is due to Brillouin scattering [Potter et al., 1984] filling in the Fraunhofer line.
Terrestrial sodium emission contamination was minor. Background measurements (see Figure 4 ) taken 10
• away from the Moon indicate lunar sodium measurements one lunar radius off the limb have less than about a 15% contribution due to terrestrial sodium emission.
Wavelength and instrument profile calibrations were determined by monitoring the Thorium I line, 5891.451 Å. Thorium line center measurements on 13 and 14 March indicated small shifts due to temperature changes in the observing room with a shift of < 0.1 spectral bins per hour (1 bin = 0.2144 km/s). A spectral scale in units of velocity (km/s) is used in this paper, where Δ ∕ • = v∕c. Doppler line widths will also be reported in terms of effective temperatures T eff , where
Results
Observation parameters (lunar phase angles, distances, and selenocentric latitudes), Doppler widths, and effective temperatures are listed in Table 1 . Measured Doppler line widths within 1100 km of the east and south lunar limbs for observations between 5 and 40
• lunar phase imply temperatures ranging between 3260 ± 190 and 1000 ± 135 K. For nights with the best coverage (13 and 14 March) we measure effective temperatures of ∼1430 K (13 March) and ∼1230 K (14 March) In line center analysis we also note velocity displacements between the west, east, and south lunar limbs, ranging between 100 and 600 m/s from the lunar rest velocity; our line center precision is ±20 to ±50 m/s depending on brightness. Refer to Figure 7 .
Discussion
Observations taken 3.5 and 7 arc min off the east and south limbs (11-14 March) indicate a change in Doppler width correlated with lunar phase. In terms of effective temperature, we observed a decrease from 3260 ± 190 K near full moon to 1000 ± 135 K at a phase angle of 42
• ; refer to Figure 8 .
A similar result was reported by Potter et al. [2000] in their interpretation of the observed altitude dependence of sodium emission intensity with lunar phase. In analysis of sodium scale heights derived from their emission measurements, Potter et al. [2000] found scale heights to be largest near full moon, decreasing with increasing lunar phase angle. This change in scale height with phase translates into a decrease in derived exospheric temperatures, from 2900 K (4.3
• phase angle) to 1200 K (33.7
• phase angle) with the decrease occurring more rapidly during the waxing phase. Potter et al. [2000] point out that their observed phase dependence on scale height derived temperatures may be an apparent effect, the result of the geometry of the lunar sodium exosphere. Near full moon the observed line of sight looks down the lunar tail, invalidating the assumption of a spherically symmetric Figure 9 . Comparison of our direct temperature observations and those determined by Potter et al. [2000] . Note that although our observations were obtained during the waning phase, we find better agreement with the waxing phase derived temperatures of Potter et al. [2000] .
exosphere and perhaps leading to higher derived temperatures. This signature should manifest itself as an extended red wing in our line profile observations at full moon. We have not detected a phase-dependent red-wing asymmetry.
Similar to the scale height derived temperatures of Potter et al. [2000] , Sprague et al. [2012 Sprague et al. [ , 1992 , and other observers (see the review by Stern [1999] ), our measured effective temperatures are larger than expected for sodium atoms thermalized to the surface temperature of ∼ 400 K, indicating that the source of these exospheric particles is, at least in part, an energetic nonthermal process such as photon-stimulated desorption [see, e.g., Madey et al., 1998; Sarantos et al., 2010] . Future velocity-resolved line profile observations under different lunar phases including in and out of the Earth's
